ABSTRACT: Platensimycin (PTM) and platencin (PTN) are potent and selective inhibitors of bacterial and mammalian fatty acid synthases and have emerged as promising drug leads for both antibacterial and antidiabetic therapies. We have previously cloned and sequenced the PTM−PTN dual biosynthetic gene cluster from Streptomyces platensis MA7327 and the PTN biosynthetic gene cluster from S. platensis MA7339, the latter of which is composed of 31 genes encoding PTN biosynthesis, regulation, and resistance. We have also demonstrated that PTM or PTN production can be significantly improved upon inactivation of the pathwayspecific regulator ptmR1 or ptnR1 in S. platensis MA7327 or MA7339, respectively. We now report engineered production of PTN and congeners in a heterologous Streptomyces host. Expression constructs containing the ptn biosynthetic gene cluster were engineered from SuperCos 1 library clones and introduced into five model Streptomyces hosts, and PTN production was achieved in Streptomyces lividans K4-114. Inactivation of ptnR1 was crucial for expression of the ptn biosynthetic gene cluster, thereby PTN production, in S. lividans K4-114. Six PTN congeners, five of which were new, were also isolated from the recombinant strain S. lividans SB12606, revealing new insights into PTN biosynthesis. Production of PTN in a model Streptomyces host provides new opportunities to apply combinatorial biosynthetic strategies to the PTN biosynthetic machinery for structural diversity.
N atural products have served as the point of origin for many clinically approved drugs, and these structurally diverse entities promise to figure prominently in future drug discovery efforts. 1−3 The recent discovery of platensimycin (PTM) and platencin (PTN) as the first members of a new class of antibiotics represents a breakthrough in antibacterial drug discovery. 4−7 PTM and PTN are produced by several strains of Streptomyces platensis, 8 and structurally they are composed of two distinct moieties joined by an amide bond: a dihydroxyaminobenzoic acid and a highly modified diterpenoid carboxylic acid (Figure 1 ). PTM and PTN are potent and specific inhibitors of both bacterial and mammalian fatty acid synthase, and this activity lies at the heart of their clinical promise as leads for both antibacterial and antidiabetes drug discovery. 9 Heterologous production of natural products, wherein a gene cluster of interest is transferred to an alternative, non-natural host for the functional expression of the biosynthetic machineries, is a useful tool for biosynthetic pathway characterization and engineering. 10 The potential of heterologous production for drug discovery is great; the techniques required to move biosynthetic gene clusters into model heterologous hosts can be applied to a wide range of natural producing strains, and the target molecules can be readily produced in sufficient quantities by scale-up fermentation. Moreover, improvements in DNA synthesis technology that have enabled de novo construction of an entire bacterial genome 11 promise to enable heterologous expression of even the largest gene clusters yet to be identified from cultured or uncultured organisms. For commercially valuable compounds whose native producers are slow-growing or fastidious, the use of a model heterologous host for industrial fermentation can shorten production runs and lower costs. For compounds with intriguing biosynthetic pathways, heterologous production can be used to circumvent native producing strains that are recalcitrant to genetic manipulation. However, many persistent challenges to the successful application of heterologous natural product production have prohibited the technique's universal application. These challenges place incredible importance on the choice of host, the choice of production medium, the posttranslational modification of biosynthetic enzymes, the supply of precursor molecules to support flux through the pathway, and various regulatory issues.
We have recently cloned and sequenced the PTM−PTN dual biosynthetic gene cluster from S. platensis MA7327 and the PTN biosynthetic gene cluster from S. platensis MA7339. 12 We have also demonstrated that PTM or PTN production can be significantly improved upon inactivation of the pathway-specific regulator ptmR1 or ptnR1 in S. platensis MA7327 or MA7339, respectively. 13, 14 Technical difficulties encountered when working with the native producing strains, however, inspired us to develop a heterologous expression system that would (i) enable heterologous production of PTM and PTN, (ii) allow us to probe PTM and PTN biosynthesis and assess the regulatory networks that govern the functional expression of the ptm and ptn gene clusters, and (iii) eventually apply the principles of combinatorial biosynthesis to this class of antibiotic. Here we report engineered production of PTN and congeners in a heterologous Streptomyces host. Expression constructs containing the ptn biosynthetic gene cluster were engineered from SuperCos 1 library clones and introduced into five model Streptomyces hosts, and PTN production was achieved in Streptomyces lividans K4-114. Inactivation of ptnR1 was crucial for expression of the ptn biosynthetic gene cluster, thereby PTN production, in S. lividans K4-114. Six PTN congeners, five of which were new, were also isolated from the recombinant strain S. lividans SB12606, revealing new insights into PTN biosynthesis.
■ RESULTS AND DISCUSSION
Engineering Expression Constructs from SuperCos 1 Library Clones for Model Heterologous Streptomyces Hosts. Two cosmid clones, pBS12614 and pBS12615, isolated during our efforts to clone and sequence the ptn gene cluster from S. platensis MA7339, 14 are predicted to contain the 31 genes, i.e., from ptnO1 to ptnO9 within the sequenced 35 kb contiguous DNA, that encode PTN production (Figure 2A ). 12 The insert of pBS12614 spans from a gene residing 6 kb upstream of orf1 to orf5, just downstream of the ptn cluster, while the insert of pBS12615 spans from the upstream gene orf 2 to orf5 downstream of the ptn cluster (Figure 2A ). Since both pBS12614 and pBS12615 were isolated from a SuperCos 1 library of S. platensis MA7339, 12 they were retrofitted with genetic elements to allow their introduction to and maintenance in model heterologous Streptomyces hosts. Thus, the ampicillin resistance gene bla in the backbone of pBS12614 and pBS12615 was replaced, using the λRED-mediated PCR targeting mutagenesis method, 15 with a 4.5 kb fragment from pSET152 that contained (i) the apramycin resistance gene (aac(3)IV) for use of apramycin as a selectable marker in both E. coli and Streptomyces, (ii) the origin of conjugal transfer (oriT) to facilitate efficient transfer of the plasmid between E. coli and Streptomyces by conjugation, and (iii) the Streptomyces phage ϕC31 integrase responsible for site-specific integration into the attB site of the chromosome for stably maintaining the gene cluster in the heterologous Streptomyces hosts, affording pBS12624 and pBS12625 ( Figure 2B) . 16, 17 To determine the effect of pathway-specific regulatory elements on heterologous production, ptnR in pBS12614 and pBS12615 was first inactivated by making an in-frame deletion (ΔptnR1), using the λRED-mediated PCR targeting mutagenesis method, 15 to yield pBS12621 and pBS12617, which were similarly retrofitted to afford the final expression constructs pBS12623 and pBS12619 ( Figure 2B) .
PTN Production by Expressing the ptn Biosynthetic Gene Cluster in S. lividans K4-114 Requiring ptnR1 Inactivation. To search for a suitable heterologous host for PTN production, pBS12623, which harbored the ptn biosynthetic cluster with the ΔptnR1 mutation, was introduced into five model Streptomyces strains, namely, S. coelicolor CH999, 18 S. coelicolor M1146, 19 S. coelicolor M1154, 19 S. lividans K4-114, 20 and S. albus J1074, 21 by E. coli−Streptomyces conjugation. The resulting recombinant strains S. coelicolor SB12609 (S. coelicolor CH999/pBS12623), SB12610 (S. coelicolor M1146/pBS12623), SB12611 (S. coelicolor CM1154/pBS12623), S. lividans SB12608 (S. lividans K4-114/pBS12623), and S. albus SB12623 (S. albus/pBS12623) were fermented under standard conditions for PTN production.
12−14 SB12609, SB12610, SB12611, and SB12623 all failed to produce discernible amounts of PTN under these conditions, as judged by HPLC analysis with a photodiode array detector ( Figure S1A ). However, the crude extract from S. lividans SB12608 produced distinct amounts of PTN, which was subsequently verified by HPLC analysis in comparison with an authentic PTN standard as well as LC-MS analysis ( Figure  S1B ).
To determine whether the ΔptnR1 mutation is essential for PTN production in the heterologous host, the remaining three engineered expression constructs, pBS12624 and pBS12625, harboring the native ptn gene cluster, and pBS12619, harboring the ΔptnR1 mutated ptn gene cluster ( Figure 2B ), were similarly introduced into S. lividans K4-114, as pBS12623, affording recombinant strains S. lividans SB12612 (S. lividans K4-114/pBS12624), SB12613 (S. lividans K4-114/pBS12625), and SB12606 (S. lividans K4-114/pBS12619), respectively. These recombinant strains were fermented under the same conditions as S. lividans SB12068 and examined for PTN production by HPLC analysis. Neither SB12612 nor SB12625, which carried the native ptn gene cluster, elicited detectable PTN production. On the contrary, PTN production was readily detected in SB12606, as in SB12608, both of which carried the ΔptnR1 mutated ptn gene cluster ( Figure S1C ). PTN titers in SB12606 and SB12608 were estimated at 1.2 ± 0.5 and 1.6 ± 0.2 mg/L, respectively, on the basis of HPLC analysis with authentic PTN as a reference.
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Transcriptional Analysis by Semi-Quantitative RT-PCR of ptn Gene Expression in Recombinant Strains Unveiling Complex Regulation. To verify the role of ptnR1 as a transcriptional repressor, RT-PCR was performed to compare expression levels of ptn operons between S. lividans SB12612, which carried pBS12624 harboring the native ptn cluster, and SB12608, which carried pBS12608 harboring the ΔptmR1 mutated ptn gene cluster. S. platensis SB12600, a PTNoverproducing strain engineered by inactivating ptnR1 in the wild-type S. platensis MA7339 strain, 14 was used as a positive control. RNA was isolated from production cultures of each strain on days 2, 4, 6, and 8 and amplified to compare approximate levels of mRNA produced from each putative operon in the ptn gene cluster ( Figure S2 ). To control for RNA quantity, mRNA from the housekeeping gene hrdB was also measured for each strain. As RNA quantity was controlled within time-points but not between time-points, subtle differences in the quantity of RT-PCR product across different time-points are not likely to be biologically relevant. However, gross differences in expression across time-points could be interpreted as meaningful.
Consistent with the PTN-nonproducing phenotype, transcription of many of the operons in the ptn gene cluster was repressed in S. lividans SB12612, presumably due to the highlevel expression of the transcriptional repressor ptnR1. In contrast, to achieve efficient production of PTN in a heterologous host, the transcription profile was expected to mirror that of the overproducing control, SB12600. The overall transcription profile of the PTN-producing SB12608 was similar to that of SB12600. However, several operons were expressed at different levels in these two strains ( Figure S2 ). For example, ptnU3 was transcribed at high levels in SB12608 at each time-point, whereas it was silent in the overproducing strain until after day 4. Several genes are transcribed more strongly in the PTN-overproducing S. platensis SB12600 strain than in S. lividans SB12608, as exemplified by the operons containing ptnA2 (day 6), ptnH (day 4), ptnC (day 4), ptnA3 (days 2−8), and ptnP4 (days 6−8) ( Figure S2 ). Noteworthy temporal dynamics of transcription were seen in the positive control SB12600, suggesting complex regulation. For instance, some genes were strongly transcribed by day 2 (ptnO6, ptnP2), while others remained silent until day 4 (ptnA3, ptnP3) or day 6 (ptnU3, ptnP4) ( Figure S2 ).
Isolation and Structural Elucidation of PTN and Congeners from S. lividans SB12608. In addition to PTN, several other metabolites were detected in crude extracts of S. lividans SB12608 fermented under the standard PTN production conditions. Inspired by our hypothesis that these metabolites may be biosynthetically related to PTN, a largescale fermentation of SB12606 was performed to isolate the new compounds for structural determination. Extraction of a 4 L culture with Amberlite XAD-16 resin followed by multiple Figure 2 . Engineered constructs by retrofitting SuperCos 1 clones of S. platensis MA7339 for PTN production in heterologous Streptomyces hosts: (A) genetic organization of the ptn cluster from S. platensis MA7339 and SuperCos 1-based clones pBS12614 and pBS12615 that harbor the ptn cluster and (B) depiction of retrofitting the SuperCos 1-based pBS12614 and pBS12615, harboring the native ptn cluster, and pBS12621 and pBS12617, harboring the ptn cluster with the ΔptnR1 mutation to afford the heterologous expression constructs pBS12624, pBS12625, pBS12623, and pBS12619, featuring the apramycin resistance genes aac(3)IV, oriT, and ϕC31. rounds of column chromatography resulted in the isolation of six compounds, designated platencin SL1 (1), SL2 (2), SL3 (3), SL4 (4), SL5 (5), and SL6 (6) ( Figure 2 ). We named these compounds as "platencin SL" to indicate that they were associated with the platencin biosynthetic machinery but were isolated from the heterologous host S. lividans. SL1 (1) has been reported previously, 22 but we were not able to find its physicochemical data in the literature, hence the inclusion of its structural characterization.
SL1 (1) In addition, one olefinic proton (δ 6.17, 1H, H-14), attributable to one trisubstituted carbon−carbon double bond, was also observed ( Table 1 ). Analysis of 13 C NMR (Table 1 ) and HSQC spectra of 1 confirmed the presence of two carbon− carbon double bonds, one of which appeared to be disubstituted (δ 107.0, C-17 and δ 149.0, C-8) and the other trisubstituted (δ 117.9, C-14 and δ 159.6, C-13). Two carboxylic carbonyls (δ 169.7, C-15 and δ 180.2, C-19) were also observed in the 13 C NMR spectrum of 1 ( Table 1 ). The two double bonds and two carboxylic carbonyls accounted for four degrees of unsaturation; the bicyclic nature of 1 accounted for the remaining two degrees of unsaturation. Detailed analysis of the 1 H− 1 H COSY spectrum in combination with HMBC experiments (Figure 3 ) allowed the assignment of all signals in 1 H and 13 C NMR spectra and supports the structure of 1, which has a diterpene skeleton in common with previously isolated platencin A8. 14 Comparisons of 1 H NMR and 13 C NMR data of 1 with those of platencin A8 further confirmed the structure elucidation of 1. Finally, key NOESY correlations (Figure 4 ) around the bicyclic ring structure allowed determination of the relative configuration. The assigned absolute configuration was based on the biosynthetic relationship of 1 with PTN. Accordingly, 1 has been assigned as ent-copalyl-15,19-dicarboxylic acid (also known as ent-agathic acid 22 ) (Figure 1 ). SL2 (2) was isolated as a colorless, amorphous solid, the molecular formula of which was determined to be C 18 + ion at m/z 315.1931). 1D and 2D NMR spectra of 2 displayed many similarities to those of 1. However, key differences included the loss of carbon signals corresponding to one carboxylic acid (δ 169.7, C-15) and two olefin carbons (δ 117.9, C-14 and δ 159.6, C-13) in 1 and the addition of a ketone signal (δ 208.7, C-13) in 2 (Table 1) . Again, COSY and HMBC correlations suggested that 2 shares the same regiochemical composition as 1, but lacks C-14 and C-15 while having a ketone functionality at C-13 ( Figure 3) . Journal of Natural Products C NMR spectra in combination with HSQC indicated the presence of two tertiary methyl groups, 10 methylenes including one vinyl carbon, two methines, and a total of six quaternary carbons including one olefin, one carboxylic acid, and one tertiary alcohol ( Table 2 ). (Figure 4) . The absolute configuration of 3 was assigned on the basis of the biosynthetic relationship to PTN, and thus 3 was identified as the new compound 12-(R)-hydroxy-ent-atiseren-19-oic acid (Figure 1) . SL4 (4) was isolated as a colorless, amorphous solid, and its molecular formula was determined to be C 24 + ion at m/z 422.2386). Additional support for the deduced molecular formula can be ascertained by examining the isotopic distribution pattern in the HRESIMS spectrum ( Figure S3 ), in which unique signals were detected for the [M + 2] isotopes deriving from two 13 C atoms versus one 34 S atom. 1D and 2D NMR analyses allowed 20 carbons to be assigned to an ent-atiserene scaffold with a hydroxyl group at C-7 and a chemical shift of δ 204.9 for C-19 (Table 2 and Figure 3 ). NOESY correlations (Figure 4) enabled assignment of the relative configuration at C-7. Of the remaining atoms (C 4 H 8 NOS, including one tertiary methyl, two methylenes, and a quaternary carbon), 1 H− 1 H COSY correlations between H 2 -3′ (δ 3.65, 2H) and both H 2 -4′ (δ 3.25, 2H) and an amine proton (δ 8.78, 1H) indicated the presence of an HN−CH 2 − CH 2 fragment. HMBC correlations were found to exist between the H 2 -4′ (δ 3.25, 2H) and C-19 (δ 204.9), as well as between both the H 3 -1′ (δ 2.07, 3H) and H 2 -3′ (δ 3.65, 2H) to the tertiary carbon C-2′ (δ 170.5) (Figure 3 ). These data indicated that an N-acetylcysteamine (S-NAC) moiety is (Figure 3 ) provide the carbon connectivity as homoplatencinic acid, similar to the diterpene component of the previously isolated PTN A4.
14 NOESY correlations ( Figure  4 ) confirmed the relative configuration of the ring system of 5, the absolute configuration of which is inferred by its biosynthetic relationship to PTN. However, the stereochemistry at C-4 of 5 could not be assigned based solely on NMR spectra of the purified compound.
2D NMR analyses of 6 revealed all the same correlations previously seen for 5, suggesting the two compounds have the same carbon connectivity (Table 3 and Figures 3 and 4) . Although their 1 H and 13 C NMR spectra were very similar, the largest differences in chemical shift corresponded to the flexible methylpentanoate arm (C-1 to C-4, C-19, and C-20) (Table 3) . These data together suggest that 5 and 6 could be diastereomers with opposite configuration at C-4 for the C-20 methyl group. The absolute configuration at C-4 of 5 and 6 was finally determined by esterifying 5 and 6 with (1R,2S)-and (1S,2R)-2-phenyl-1-cyclohexanol to afford the corresponding esters 5a, 5b, 6a, and 6b, respectively, and calculating the Δδ RS values for the α-methyl group. 24 For the esters 5a and 5b, the Δδ RS value for the C-20 methyl was −0.060, indicating an (S-) configuration at C-4, whereas the C-20 methyl signal for the esters 6a and 6b produced a Δδ RS value of +0.060, indicating an (R-) configuration about C-4 ( Figure 5 ). Thus, 5 was assigned as 4-(S)-homoplatencinic acid and 6 was assigned as 4-(R)-homoplatencinic acid, both of which are new compounds (Figure 1 ). It should be noted that the two compounds are readily separable and stable during workup conditions; no racemization at C-4 was observed in the purified compounds.
Improvement of PTN Production by Manipulating Pathway Regulation in Native and Heterologous Hosts. The experiments presented here illustrate the effectiveness of targeted manipulation of endogenous regulatory elements for heterologous expression of a gene cluster. Regulation of secondary metabolism in Streptomyces occurs on multiple levels, integrating numerous environmental and nutritional signals to eventually trigger natural product biosynthesis. 25 Signal transduction pathways that are only partially understood connect extracellular signals to pleiotropic regulators that control secondary metabolism among other traits. 26, 27 The majority of natural product biosynthetic gene clusters contain one or more endogenous regulatory elements that are generally considered to be pathway-specific. It is important to note that these pathway-specific regulators normally govern secondary metabolite production in the context of a much larger network of regulation. An inherent difficulty of heterologous production comes when this network is severed upon removing a gene cluster from its native genetic environment and introducing it to a heterologous host. Utilizing closely related host strains can be an effective strategy to minimize such problems, 10 as parts of the regulatory network are more likely to be conserved. Alternatively, attempts can be made to bypass the higher level regulatory elements altogether by directly manipulating pathway-specific regulators. Manipulation of pathway-specific regulators has been shown to be an effective means for improving titers of heterologously produced metabolites. 28 The inactivation of pathway-specific repressor ptnR1 was essential for heterologous production of PTN in S. lividans K4-114. A comparison of the mRNA levels from operons in the ptn gene clusters in strains SB12608 and SB12612 clearly illustrates the role of PtnR1 as a transcriptional repressor. In SB12612, ptnR1 was expressed at high levels, while no transcript was detected for the majority of operons, suggesting a model to explain the lack of PTN production wherein the key transcriptional repressor was produced, but repression was never relieved to enable expression of the biosynthetic genes. As expected, no ptnR1 transcription was seen in the two ΔptnR1 strains, S. platensis SB12600 and S. lividans SB12608, while transcription of biosynthetic genes was clearly observed ( Figure S2 ). The observation that ΔptnR1 expression constructs pBS12623 and pBS12619 could not trigger PTN production in other hosts suggests that additional unknown factors provided by the host are required for functional expression of the ptn gene cluster as well. Indeed, a comparison of the expression levels and chemical profiles of S. lividans SB12606 and S. platensis SB12600, which both have repressorinactivated copies of the ptn gene cluster but in different genomic environments, shows that differences exist both in the expression levels of certain operons and in the congeners that are produced.
14 Preliminary attempts to adjust gene expression levels in the heterologous host to improve PTN production were unsuccessful. Isolation of the PTN Congeners from S. lividans SB12606 Revealing New Insights into PTN Biosynthesis. We have previously proposed that (i) ent-copalyldiphosphate (ent-CPP) is a common intermediate for PTM and PTN biosynthesis, (ii) divergence of PTM and PTN biosynthesis is controlled by dedicated ent-kaurene synthase (PtmT3) and entatiserene synthases (PtmT1 and PtnT1), (iii) oxidative tailoring of ent-atiserene affords the penultimate PTN biosynthetic intermediate platencinyl CoA, and (iv) coupling between platencinyl CoA and the dihydroxyaminobenzoic acid moiety finally completes PTN biosynthesis. 12 The isolation of the six congeners from S. lividans SB12606 in the current study not only provided additional experimental evidence supporting the proposed PTN biosynthetic pathway but also enabled us to propose additional biosynthetic intermediates from entatiserene to platencinyl CoA en route to PTN (Figure 6 ).
Thus, 1 and 2 could be viewed as ent-CPP shunt metabolites that were directed away from PTN biosynthesis prior to cyclization by PtnT1 ( Figure 6 ). This is reminiscent biosynthetically of PTN A8, the glutaminyl derivative of 1, which was isolated from S. platensis SB12600.
14 For the production of 2, it is possible to envision a route from 1 by hydration of the C-13/C-14 olefin followed by retro-aldol cleavage to afford the C-13 ketone of 2. Both 3 and 4 are entatiserene analogues, the isolation of which reinforces the intermediacy of ent-atiserene in PTN biosynthesis. 12, 29 The carboxylic acid at C-19 suggests that early oxidation at this position precedes ring cleavage. Biosynthetic precedent for this exists, as oxidation of C-19 in ent-kaurene to a carboxylic acid is the first step in gibberellin biosynthesis from ent-kaurene.
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While the C-12 hydroxyl group of 3 is not predicted to be involved in PTN biosynthesis, the hydroxyl group on C-7 of 4 could be biosynthetically relevant by aiding in the formation of the enone functional group of PTN through dehydration ( Figure 6 ). The S-NAC activation of the C-19 carboxylic acid in 4 is surprising. Although biological chemists routinely activate carboxylic acids as acyl-S-NACs, mimicking the acyl-CoA thioesters, we were unable to find previous reports of an acyl-S-NAC isolated as a natural product. The tethering of S-NAC to C-19 in 4 may indicate that CoA activation occurs at the stage of ent-atiseren-19-oic acid prior to ring cleavage ( Figure 6) .
Finally, the diasteriomers 5 and 6 most likely reflect how the ring is opened and the side chain is processed to afford the platencinyl acid scaffold ( Figure 6 ). A priori, there are many possible explanations for the racemization that is observed at C-4. The ring cleavage reaction could be triggered by hydroxylation at C-5 of ent-atiserenyl-CoA, setting up a reverse-aldol cleavage of the C-4/C-5 bond, hence racemization at C-4 of the resultant homoplatencinic acid product. It is also possible that 5 and 6 are preceded biosynthetically by a C-4/C-3 unsaturated molecule similar to that seen in homoplatensimide A. 31 Reduction of such an intermediate by different reductases could produce the diasteriomeric mixture as observed.
Conclusions. The heterologous production of PTN and congeners was achieved in S. lividans K4-114. Our strategy of retrofitting SuperCos 1 clones for heterologous expression in model Streptomyces hosts should be applicable to other natural product biosynthetic gene clusters, many of which were cloned in SuperCos 1 in the past two decades. Functional expression of the ptn gene cluster requires inactivation of ptnR1, which represses many, but not all, of the genes in the cluster. These results reinforce the notion that judicious manipulation of the regulatory elements in a natural product biosynthetic gene cluster can determine the outcome of heterologous production efforts. Although PTN titer in S. lividans SB12608 is lower than that in S. platensis SB12600, an engineered PTN overproducer, six PTN congeners, which have not been detected from the native PTN-producing S. platensis species, are produced at significantly higher titers in the heterologous host. Production, isolation, and structural characterization of these new PTN congeners revealed new insights into PTN biosynthesis. Production of PTN in a model Streptomyces host will surely provide new opportunities to apply combinatorial biosynthetic strategies to the PTN biosynthetic machinery for structural diversity.
■ EXPERIMENTAL SECTION
General Experimental Procedures. Optical rotations were measured with a Perkin-Elmer 241 polarimeter (Perkin-Elmer, Waltham, MA, USA). UV spectra were collected with a SLM Aminco DW2 spectrophotometer (SLM Instruments, Inc., Urbana, IL, USA) with an OLIS conversion (Olis, Inc., Bogart, GA, USA).
1 H and 13 C NMR spectra were recorded at 25°C with a Varian Unity Inova 500 instrument operating at 500 MHz for 1 H and 125 MHz for 13 C nuclei. HRMS analyses were performed with a Maxis Ultra High Resolution qTOF ESIMS (Bruker Daltonics, Bellerica, MA, USA). Analytical HPLC was performed using a Waters 510 HPLC system with a photodiode array detector (Waters, Milford, MA, USA). LCMS was performed under the same conditions on an Agilent Technologies 1100 Series LC/MSD with a diode array detector (Santa Clara, CA, USA). Semipreparative HPLC was performed with a Varian Liquid Chromatography System (Varian, Walnut Creek, CA, USA) consisting of Varian ProStar 210 pumps and a ProStar 330 photodiode array detector. Column chromatography was performed either on silica gel (230−400 mesh, Natland International Corp, Research Triangle Park, NC, USA) or on Sephadex LH-20 (Pharmacia, Kalamazoo, MI, USA).
Bacterial Strains and Plasmids. Escherichia coli DH5α was used as the host for general subcloning and plasmid preparation. 32 E. coli BW25113/pIJ790, E. coli DH5α/pIJ773, and E. coli DH5α/BT340 were provided by the John Innes Center (Norwich, UK) as a part of the REDIRECT Technology kit for λRED-mediated PCR targeting mutagenesis. 15 E. coli ET12567/pUZ8002 was used as the donor strain for E. coli−Streptomyces conjugation. pBS12614 12 and pBS12615 12 that contain the ptn gene cluster from S. platensis MA7339, the engineered PTN overproducer S. platensis SB12600, 14 and model heterologous host strains S. coelicolor CH999, 18 S. coelicolor M1146, 19 S. coelicolor M1154, 19 S. lividans K4-114, 20 and S. albus J1074, 21 have been described previously.
Biochemicals, Chemicals, and Media. Common biochemicals and chemicals were purchased from standard commercial sources and used directly. E. coli strains carrying plasmids were grown in Luria− Bertani (LB) medium with appropriate antibiotic selection. 32 Streptomyces strains were routinely cultured in R2YE medium with appropriate antibiotic selection. 33 E. coli−Streptomyces conjugations were performed on IWL-4 solid medium freshly supplemented with 20 mM MgCl 2 .
34 PTN production media are described below. Nucleic Acid Isolation and Manipulation. Plasmid extractions and DNA gel extractions were carried out with standard protocols. 32 PCR verification of modified cosmids and heterologous strains was performed with Takara LA Taq polymerase with GC buffer II (Takara Bio Inc., Shiga, Japan) following manufacturer's protocols. Restriction digests were performed with enzymes from Invitrogen (Carlsbad, CA, USA) using provided instructions.
Engineering of the ptn Expression Constructs from SuperCos 1 Clones for Heterologous Streptomyces Hosts. SuperCos 1-based pBS12614 and pBS12615 were isolated from a S. platensis MA7339 genomic library and determined to carry the entire ptn locus by end sequencing. 12 For the overproduction constructs, ptnR1 was replaced with the apramycin resistance cassette aac(3)IV to generate pBS12620 and pBS12616, respectively, using λRED-mediated PCR targeting mutagenesis 15 with the primers ΔptmR1Forward and ΔptmR1Reverse (Table S3 ). To isolate the desired markerless ptnR1 deletion, pBS12620 and pBS12616 were introduced into E. coli DH5α/BT340 via electroporation; incubation overnight at 42°C to induce expression of FLP recombinase resulted in the loss of aac (3)IV cassette and the generation of an 81 bp in-frame scar, affording pBS12621 and pBS12617. 15 The SuperCos 1 backbone of pBS12614, pBS12615, pBS21, and pBS12617 was modified for integration into the chromosome of model Streptomyces hosts via the following protocol. A 270 bp fragment corresponding to the 3′-end of β-lactamase gene bla from SuperCos 1 was amplified with primers 3′AmpF and 3′AmpR (Table S1 ) and cloned into the XbaI-BamHI site of pSET152 to afford pBS12618. 35 pBS12618 was linearized via a BamHI-EcoRI double digest and used in place of PCR product for the λRED-mediated PCR targeting mutagenesis of the heterologous expression constructs. Recombination between the pUC origin of replication initiation and the 3′-terminus of the β-lactamase gene bla resulted in site-specific integration of the pSET152 backbone into the SuperCos 1 backbones of pBS12614, pBS12615, pBS12621, and pBS12617, affording the final constructs pBS12624 and pBS12625 that carried the native ptn gene clusters and pBS12623 and pBS12619 that carried the ptn gene cluster with the ΔptnR1 mutation. The genotypes of the final expression constructs were confirmed by PCR and DNA sequencing of the modified sites. They were then introduced to the selected model Streptomyces hosts by E. coli−Streptomyces conjugation. 33 Production and HPLC Analysis of PTN. Streptomyces exconjugants that received the heterologous expression constructs were first verified by PCR before being assayed for PTN production. Single colonies were picked from selective solid medium and used to inoculate 4 mL of preseed cultures of R2YE supplemented with apramycin (50 μg/mL) and cultured 2−4 days in a 30°C incubated shaker (250 rpm) until dense growth was achieved. A 4 mL seed culture (ISM3 medium; yeast extract 15 g/L, malt extract 10 g/L, MgSO 4 0.5 g/L, FeCl 3 ·6H 2 O 0.3 g/L, glucose 20 g/L, adjusted to pH 7.0 with NaOH) was inoculated with 1% preseed culture and cultured 48 h in a 30°C incubated shaker (250 rpm). Lastly, 30 mL of fermentation medium (YMDM medium; yeast extract 6 g/L, malt extract 15 g/L, dextrose 6 g/L, MOPS 20 g/L, trace elements 5 mL/L, pH 7.5) supplemented with 3% Amberlite XAD16 hydrophobic resin was inoculated with 1% seed culture and grown for 12 days in a 30°C incubated shaker (250 rpm). Following the 12-day fermentation, cells and resin were separated from broth by centrifugation, washed three times with milli-Q H 2 O (Millipore Corporation, Billerica, MA, USA), and extracted four times with 4 mL of acetone. Acetone was removed from crude extracts under reduced pressure, and the resulting oil was resuspended in CH 3 OH prior to HPLC analysis on a Waters 510 HPLC equipped with an Apollo C 18 column (5 μm; 4.6 × 250 mm;
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